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The controllable self-assem-
bly of micro- and nano-ob-
jects via biorecognition is at-
tracting great attention be-
cause of the many possibili-
ties it offers for creating
complex abiotic systems with
molecular-level spatial preci-
sion and structural tunability.
Success in this approach
promises advances in the
design of new magnetic and
plasmonic metamaterials,[1]

cell-targeted delivery sys-
tems,[2] and biomolecular
sensing.[3] As major efforts
have focused on devising ap-
proaches to utilize attractive
interactions provided by bio-
molecules, only recently have
theoretical studies on biolog-
ical[4] and hybrid systems[5]

begun to highlight the crucial
role of repulsion in modulat-
ing the efficiency of recogni-
tion, assuring error-proof
self-organization and assem-

bly morphology control. Herein, we describe a novel ap-
proach using DNA as a platform to tailor interobject attrac-
tion and repulsion, thereby broadening its versatility as a
structural element in synthetic mesosystems.[6] In this ap-
proach, we finely balanced the attractive forces generated
by complementary DNA hybridization with steric repulsion
provided by noncomplementary DNA, effectively control-

ling interparticle interactions. By extending this approach to
both micro- and nanoscale DNA-capped particles, which
possess qualitatively different ranges of interparticle interac-
tions, the general applicability of this concept for the regula-
tion of particle assembly is demonstrated.

Scheme 1 illustrates this approach, where single-stranded
DNA (ssDNA) is utilized to regulate interparticle interac-
tions over a wide size range and broad energy regime. Both
DNA-capped microscale (1.9-mm-diamater polystyrene par-
ticles, PS) and nanoscale (9.6-nm-diameter gold particles,
Au) systems consisted of an equimolar mixture of two types
of particle (denoted as A and B), which were functionalized
with a composition of complementary linker (L) ssDNA
and noncomplementary (N) ssDNA. The surface fraction of
N DNA, fN= [N]/([N]+ [L]), was controlled via functionali-
zation conditions (see Supporting Information). The 30-base
L DNA capping provided complementary recognition be-
tween particles via 15 base-pair (bp) duplex formation,

Scheme 1. An idealized scheme illustrating the assembly of DNA-capped particles with both L and N
DNA capping. The set of energy diagrams illustrates the balance between attractive and repulsive forces
depending on fN.
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while the N DNA capping
provided steric repulsion of
30 noncomplementary bases.
In the microscale PS system,
this DNA capping provided
only short-range interactions
between particles A and B. In
the nanoscale Au system, sim-
ilar DNA capping was re-
sponsible for medium-range
interactions. Despite the large
difference in particle size,
when the inter-particle distan-
ces are close to the DNA-cap-
ping thickness of �10 nm,
L DNA hybridization is the
major contribution to attrac-
tion, while the steric interac-
tions of N ssDNA provide the
basis for osmotic repulsion.

The microscale assembly
of DNA-capped PS was moni-
tored by optical microscopy.
In this study, each PS contains
�300000 total ssDNA
strands, corresponding to an
average surface coverage
(sPS) of �0.3 strands per
10 nm2. This abundance
allows for hundreds of possi-
ble hybridized linkers be-
tween particles A and B.[7]

Figure 1a shows a representa-
tive set of optical images of
PS assembled for 24 h with fN
of i) 0.0, ii) 0.7, and iii) 0.9.
The sizes of the aggregate
show a clear tendency to de-
crease with increasing fN. For
example, at fN<0.50, only
large aggregates, each con-
taining thousands of particles,
are observed with no evi-
dence of nonassembled PS.
At fN between 0.50–0.90, the
average size of the aggregates
declines with increasing fN so
that samples at fN�0.90 contain only clusters of PS, and
only isolated nonassembled PS particles were observed at fN
�0.95. These results clearly demonstrate the strong influ-
ence of fN on the average size of the assembled aggregates.
This phenomenon cannot simply be explained by a reduced
number of linkages between particles, since even a single
hybridization provides a binding energy of >30 kT.[8] Thus,
the effect of a reduction in aggregate size with increasing fN
points to the strong influence of osmotic repulsion, provided
by the N ssDNA, in balancing the attractive interactions.[7]

To investigate this effect in nanoscale systems, multiple
aspects of the assembly of Au as a function of fN were

probed via transmission electron microscopy (TEM), UV/
Vis spectroscopy, dynamic light scattering (DLS), and small-
angle X-ray scatttering (SAXS). Each Au particle contained
�60 total ssDNA, corresponding to a sAu of �1.9 DNA
strands per 10 nm2. In contrast to the microscale PS system,
fewer than 10 potential linkers can be engaged in A–B hy-
bridization, a feature that might significantly affect the ag-
gregate structure when fN> �0.8, where the nominal
number of linkages per particle is less than that required for
close packing (z=12). Figure 1b shows a set of TEM
images for the assembled Au aggregates at fN of i) 0.75,
ii) 0.85, and iii) 0.95 after assembly for 4 h. Compared to the

Figure 1. a) A set of optical images showing the aggregated 1.9-mm PS at fN of i) 0.0, ii) 0.7, and iii) 0.9
([A]= [B]=0.05% w/v, PBS buffer, pH 7.4). b) TEM images for aggregated 9.6-nm Au at fN of i) 0.75,
ii) 0.85, and iii) 0.95 ([A]= [B]=7.5 nm, 10 mm phosphate buffer, 0.3m NaCl, pH 7.1).
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micrometer-sized aggregates at fN <0.50 (see Supporting In-
formation), we noted a dramatic drop in the size of the ag-
gregates at fN 0.75 to 100–200 nm. At fN 0.85, small aggre-
gates were formed, each containing 5–30 Au particles
apiece, and at fN 0.95 only small clusters were visible, as
well as nonassembled Au. Similar aggregate sizes and mor-
phology were observed after longer assembly times (>24 h).
These TEM results reveal that the behavior of the Au nano-
systems closely resembles that of the PS microsystem,
wherein the assembly of aggregates is effectively suppressed
by an increase in fN.

The nanosystems also afforded the ability to monitor ag-
gregate growth in situ. Figure 2a shows the DLS-monitored
kinetic profiles for the Au aggregation at fN 0.05–0.95, and
Figure 2b reveals the final aggregate size and distribution
after 2 h. These DLS measurements provide intensity-
weighted hydrodynamic diameter values, <Dh> I, which
best represent the largest aggregates in the population and
serve as a convenient comparison of fN-influenced aggregate
growth, without making assumptions about fractal dimen-
sionality df, or the aggregates? internal structure. A signifi-
cant decrease in aggregate growth was observed with fN in-
crease. Micrometer-sized aggregates formed within minutes
for fN 0.05, and small clusters only slightly larger than indi-
vidual particles, <Dh

0> I=27.5 nm, were detected at fN
0.95. The final <Dh> I of �150 nm, �60 nm, and �35 nm
for fN of 0.75, 0.85, and 0.95, respectively, closely followed
the trend observed by TEM.

In contrast with classical coagulation theory,[9] the com-
plexity of heteroaggregation, as shown for numerous sys-

tems,[10] is related to the details of cluster–cluster interac-
tions,[11] cluster composition,[10] and coagulation constant
time evolution.[12] Hence, the precise description of such sys-
tems remains problematic. However, based on the dynamic-
scaling argument,[13] the kinetic profiles (Figure 2a) can be
approximated by the power form <Dh> I� (t/t)g, where t is
time, t is the characteristic aggregation time (<Dh> I(t)
�1.4<Dh

0> I),
[14] and g relates to the homogeneity expo-

nent l ACHTUNGTRENNUNG(g=df ACHTUNGTRENNUNG(1�l)�1) that parameterizes the characteristics
of aggregation, from gelation to near-equilibrium cluster-
ing.[13, 15] An increase in t over multiple orders of magnitude
is obtained from the kinetic profiles for fN from 0.05 to 0.95.
The particle-binding probability is approximately inversely
proportional to t, and decreases due to the interparticle po-
tential change and geometrical constraints on hybridization
at larger fN.

[7] For the predicted internal structures of aggre-
gates, df�1.5,[12] the obtained g (Figure 2 caption) yields 0<
l<1 at fN�0.5, and l<0 at fN�0.75. The negative value of
l implies that small-cluster formation is favored over large
aggregates,[15] a finding that correlates with our observations.
Similar behavior of finite-sized cluster formation was re-
ported recently for a variety of systems, including polyelec-
trolytes and surfactants,[16] proteins,[17] and colloids,[18] which
reflects the fine balance between repulsive and attractive in-
teractions[18] in this system.

The rapid aggregation corresponding to low t and posi-
tive l values at fN�0.50 is indicative of predominantly at-
tractive interaction between particles, as depicted in the
energy profiles in Scheme 1. At intermediate concentrations
of fN 0.50–0.85, assembly attenuates, t further increases, and

l decreases, asserting the
presence of an increasing ki-
netic barrier (repulsion) and/
or the reduction of attraction
between particles. At fN of
0.85–0.95, t increases dramati-
cally to 15 and 105, respective-
ly, and l becomes negative,
suggesting that a near equilib-
rium exists between free par-
ticles and small clusters, or
that there is a large energy
barrier prohibiting assembly.
To directly probe the effect of
these interactions on the mi-
croscopic interparticle struc-
ture, we conducted in situ
SAXS measurements on the
aggregates (Figure 2c).[19] At
fN�0.5, a near-constant spac-
ing, d, of �17.3 nm was mea-
sured, while at fN of 0.50–0.75
an increase to 18.6 nm was
detected. This suggests that
kinetic effects might be re-
sponsible for the slower as-
sembly of aggregates at fN�
0.5, while at higher fN the in-
fluence of a stronger repul-

Figure 2. a) A set of DLS kinetic profiles for the assembly of Au at fN values of 0.05, 0.25, 0.50, 0.75,
0.85, and 0.95 (from top to bottom). The solid lines represent a fit, as described in the text, with corre-
sponding t values of ~0.1, 0.8, 1.3, 1.5, 15, and 105 min, and g values of 1.9, 0.73, 0.68, 0.37, 0.15,
and 0.036 ([A]= [B]=7.5 nm, 10 mm phosphate buffer, 0.3 m NaCl, pH 7.1). The limitations of DLS
restrain the fits to aggregates of <1000 nm. b) A plot of aggregate hydrodynamic diameter <Dh> I after
~2 h assembly versus fN as measured by DLS. The inset shows the final size distribution of the aggre-
gates. c) A plot of spacing, d, related to the closest center-to-center distance between particles, as mea-
sured by in situ SAXS, versus fN. d) A plot of Tm and full width at half-maximum (FWHM) of aggregate
melting transition measured by UV/Vis spectroscopy (525 nm) versus fN.
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sion component in the interparticle potential results in
greater d, which correlates with the observed suppression of
aggregate size and assembly kinetics.

To further investigate this effect, the local interparticle
DNA capping of the aggregates was probed thermodynami-
cally by measuring their respective melting temperatures
(Tm). The Tm of DNA-linked particle aggregates is related
to the cooperativity of hybridization, which is affected by
the number of linkages between particles,[20, 21] their local
density,[22] and the structure[23] of DNA. Figure 2d summa-
rizes the relationship between Tm and fN in the Au nanosys-
tems, wherein we measured a progressive decrease in Tm

from �66 to �62 8C between fN of 0.05 and 0.75. This de-
crease in Tm was accompanied by a broadening in the melt-
ing transition, suggesting a decline in the number of linker
hybridizations between particles, as well as in their local
density.[21,22] Modeling this melting behavior (see Supporting
Information) revealed a decrease in total melting-enthalpy
change (DHTOT) from �2725 to �961 kJmol�1 when fN
varies from fN1=0.05 to fN2=0.75. This nearly threefold de-
crease in DHTOT is in reasonable agreement with our esti-
mate of the nominal reduction of the number of linkages
between particles within the aggregates, (1�fN1)/ACHTUNGTRENNUNG(1�fN2)
�3.8.

The intriguing result that both the PS and Au systems
reveal similar fN-dependent aggregation behavior, despite
two orders of magnitude difference in particle size and a
� sixfold difference in the average surface coverage can be
understood based on the scaling of attractive and repulsive
interparticle interactions with s and surface curvature R�1.
Generally, at low s when the DNA-capping structure does
not change with particle size, both the attraction and repul-
sion energies scale with size as �R (see Supporting Infor-
mation). This results in a size-independent relationship but
an overall lower magnitude of interactions energies for
smaller particles. Changes in the structure of the ssDNA
layer due to the rise in s entails a �1.4C increase in the
capping thickness that scales as s1/5 for spherical surfa-
ces,[24,25] with a corresponding enhancement of repulsion. In
comparison, for rigid double-stranded (ds)DNA linkages,
the entropic chain interactions are weak and the effect of an
increased s on attraction can be neglected. Conversely, at
these s, the two orders of magnitude increase in particle
curvature, from 1/1000 nm�1 to 1/10 nm�1, reduces entropic
interDNA interactions, causing a decrease in DNA-capping
thickness by �30%,[24,26] thus generating weaker repulsive
interactions, in both range and magnitude. Thus, the nano-
system?s increased s is effectively counterbalanced by the
increase in particle curvature, resulting in a similar fN value
(�0.95) at which the crossover to domination of repulsion
occurs.

In summary, the ability to regulate the assembly of
DNA-capped micro- and nanoparticles via balanced inter-
particle interactions over a broad range of particle sizes and
interparticle interaction energies was demonstrated. The use
of nonhybridizing DNA as a tool for steric repulsion allows
for the control over a large range of interaction energies.
While in the present form this DNA acts as a steric compo-
nent, its high addressability can be easily exploited for

future interaction fine tuning via DNA-designed recogni-
tion, or used as additional sites for more complex multicom-
ponent or multiscale assembly systems.

Experimental Section

Polystyrene colloidal spheres (1.9 mm, Invitrogen Co.), with
carboxylated surfaces were grafted with single-stranded 3’-pri-
mary-amine-modified ssDNA (Invitrogen Co.). The surface fN was
controlled by manipulating the ratio of L ssDNA, (LA=5’-TAC TTC
CAA TCC AAT TTT TTT TTT TTT TTT-C6H12-NH2-3’, LB=5’-ATT GGA
TTG GAA GTA TTT TTT TTT TTT TTT-C6H12-NH2-3’) and N ssDNA, (N=
5’-TTC TCT ACA CTC TCT TTT TTT TTT TTT TTT-C6H12-NH2-3’) follow-
ing procedures outlined in the Supporting Information. Assembly
was carried out by mixing equimolar amounts of type A and
type B particles to a final concentration of 0.1% w/v in phos-
phate buffered saline (PBS), pH 7.4, and incubating the mixture
for 24 h on a rotating mixer at 4 8C.

Gold nanoparticles (9.6�0.8 nm, Au) were synthesized fol-
lowing recent protocols[19] and then modified with 3’ thiol-func-
tionalized ssDNA (IDT Inc.) following methods for high ssDNA
coverage developed by Mirkin and co-workers.[21,22] The surface
fN was controlled by manipulating the L ssDNA, (LA=5-TAC TTC
CAA TCC AAT GAT AGG TCG GTT GCT-C3H6-SH-3’, LB=5’-ATT GGA
TTG GAA GTA GAT AGG TCG GTT GCT-C3H6-SH-3’) and N ssDNA,
(N=5’-TTC TCT ACA CTC TCT TTT TTT TTT TTT TTT-C3H6-SH-3’) con-
centrations during functionalization, as outlined in the Support-
ing Information. Assembly was carried out by combining equimo-
lar amounts (7.5 nm) of type A and type B Au in a solution of
10 mm phosphate buffer, 0.2–0.3m NaCl and pH 7.1.
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